Steady state heat transfer through a rarefied gas confined between two parallel plates or two coaxial cylinders maintained at different temperatures is investigated using the nonlinear Smodel kinetic equation and the DSMC technique for a large range of gas rarefaction . The profiles of heat flux, density and temperature are reported for different values of gas rarefaction parameter and given values of temperature and aspect ratios. In the slip regime the results of the S-model and DSMC technique are compared to the simulations performed using the Lin and Willis temperature jump boundary conditions at the at the solid surface implemented in ANSYS/Fluent CFD simulations. The analytical expressions for density number, temperature and heat flux in the free molecular regimes are obtained for both parallel plates and coaxial cylinders geometries with hot and cold surfaces having different values of the thermal accommodation coefficient. The solutions of these analytical expressions are compared to the S-model kinetic equation and DSMC technique results in the free molecular regime.
INTRODUCTION
Heat transfer problem between two parallel plates and two coaxial cylinders at the rest spaced by rarefied gas and maintained at different temperatures has been studied by many researchers during the past decades [1] [2] [3] [4] [5] [6] [7] [8] . Most of the studies considered small temperature difference between the surfaces, which allows the linearization of the kinetic equation [1] [2] [3] [4] [5] [6] [7] . For large temperature difference the nonlinear approach has been used [8] [9] [10] . One of the practical application of these geometries is the heat transfer from used nuclear fuel assemblies within canister subjected to vacuum drying operation. The gas regions that exist in the fuel transfer cask are mainly between fuels rods and between aluminum supports and enclosure (see Ref [11] ). These gas regions have the size of few millimeters (∼ 3mm) and can be modeled as the gap between two coaxial cylinders and two parallel plates, respectively.
Vacuum drying operation is one of the processes applied to nuclear fuel assemblies after being removed from water pool, where their heat generations rate and radioactivities is reduced. Fuel assembly consists of fuel rods containing high radioactive fuel pellets, held in square array by header, footer and periodic spacer plates. During vacuum drying operation the pressure inside the cask is reduced to as low as 67 Pa [12] which causes the temperatures of the fuel assemblies to increase due to temperature jump at the interfaces between solid surfaces and gas. These temperatures must be kept below the limit of 400 • C [13] to prevent the formation of radial hydride within the fuel rod claddings which may affect their ductility and sustainability for transport and storage.
The ANSYS/Fluent Computational Fluid Dynamic (CFD) code is used for the simulation of heat transfer in transfer cask subjected to vacuum drying operation. Fluent has an option to model the effect of rarefaction in slip flow regime. However, its ability to accurately model this effect must be validated.
The objective of this paper is to investigate the heat transfer between two parallel plates and two coaxial cylinders geometries in the whole range of gas rarefaction using different models (kinetic and CFD models). The results of the Shakhov model (S-model) kinetic equation and Direct Simulation Monte Carlo (DSMC) technique are compared to the CFD ANSYS/Fluent simulations with the Lin and Willis [14] temperature jump boundary condition in the same geometries to assess on the accuracy of the Lin and Willis temperature jump model in reproducing the same results in the slip and near transitional regimes. The Fluent code with the Lin and Willis temperature jump model will be employed later in the simulations of heat transfer in 8×8 array of heated rods enclosed in square-cross-section pressure vessel during vacuum drying operations and the results will be compared to experimental data.
The analytical expressions of heat flux, number density and temperature for both geometries in the free molecular regime are also presented for wall surfaces having different values of the thermal accommodation coefficient. These analytical expressions are compared to the numerical results of the S-model kinetic equation and DSMC technique.
PROBLEM FORMULATION
The problem of heat transfer between two parallel plates and two coaxial cylinders containing a gas at rest is considered here (see Fig. 1 ). The radii and temperatures of the inner and outer cylinders are (R 1 , T w 1 ) and (R 2 , T w 2 ), respectively, with R 1 < R 2 and T w 1 > T w 2 . These cylinders are assumed to be of an infinite length. For simplification the same notation are used here for parallel plates: r axis is normal to both plate's surfaces. The bottom and upper plates have the locations and temperatures (R 1 , T w 1 ) and (R 2 , T w 2 ), respectively, with R 2 = −R 1 = H /2. These plates are also assumed to have infinite length. Figure 1 shows the cross section of the coaxial cylinders (Fig.1a) and parallel plates (Fig.1b) configurations.
Both problems are very similar, however the two coaxial cylinders problem is governed by three physical parameters (temperature and radius ratios, and the rarefaction parameter, see def-
initions below), while the two parallel plate problem is defined only by two of them (temperature ratio and rarefaction parameter). It is convenient to introduce the following parameters: -The temperature ratio between the cylinders or plates: T = T w 1 /T w 2 , -The cylinder's radius ratio: R = R 1 /R 2 , -The rarefaction parameter δ defined as
here is the equivalent mean free path, p 0 is the reference pressure, m is the molecular mass of the gas, k is the Boltzmann constant and υ 0 is the most probable molecular velocity. In expression (1) R 0 and T 0 are the reference space dimension and the reference temperature, respectively, and µ 0 is the gas viscosity calculated at the reference temperature µ 0 = µ(T 0 ). It is convenient to take the distance between the cylinders (or plates) R 2 − R 1 as the reference space dimension R 0 . The temperature of the external cylinder (or upper plate) is used as the reference temperature T 0 = T w 2 . It is to note that the problem of the heat transfer considered here is one dimensional, therefore the heat flux has only one component in the direction normal to the surfaces, denoted by q.
For practical reasons the following dimensionless variables are introduced
The influence of the gas-surface interaction is taken into account by the thermal accommodation coefficient, denoted by α and defined as
where T i and T r are the temperature of incident and reflected molecules, respectively.
SLIP REGIME
In the slip and continuum flow regimes the ANSYS/Fluent Computational Fluid Dynamics (CFD) package is used for the simulations of heat transfer through parallel plates and coaxial cylinders in the continuum and slip regimes. Only conduction heat transfer is considered here.
To calculate the heat flux the Fourier law is applied
where q is the component of the heat flux vector in the direction normal to the surfaces. For monoatomic gases, the gas thermal conductivity is related to the gas viscosity as follows
In order to define the dependence of the viscosity on the temperature the molecular interaction potential must be specified. In the following we will use the inverse power law potential [15] . This model leads to a power law temperature dependence for the viscosity coefficient
ω is the viscosity index, which is equal to 0.5 for the Hard Sphere (HS) model, 1 for the Maxwell model and it varies as a function of the gas nature for the VHS model, see [15] . The HS model (ω = 0.5) is retained in this paper.
In the continuum flow regime the temperature continuity condition may be assumed on the surfaces. However, in the slip flow regime the temperature jump conditions [16] must be used as the boundary conditions
where T g is the gas temperature near the wall, T w is the wall temperature and ξ T is the temperature jump coefficient [17] . This coefficient depends on the gas nature and the surface state through the accommodation coefficient. ANSYS/Fluent code has the capability to set the temperature-jump boundary condition at a solid surface. However, it employs a simplified expression for temperaturejump coefficient, ξ T = 2 (2 − α) /α. This expression does not take into account the effect of gas nature. Several expressions are provided in the literature which take into account this effect [18] , [14] . [19] . Lin and Willis [14] proposed an expression of temperature-jump coefficient for polyatomic gases by applying a variational method to the Morse equation [20] and to the Holway model [21] . This expression reads
where γ is the gas specific ratio and Pr is the Prandtl number. For monatomic gases this expression is reduced to the one proposed by Welander [22] . For the case of complete accommodation (α = 1) and monatomic gas the value of this coefficient is equal to 1.95. In the Results section expression (8) is implemented in Fluent and the results are compared to the S-model kinetic equation and DSMC technique solutions.
FREE MOLECULAR REGIME
In the free molecular flow regime the collisionless Boltzmann equation is solved in this paper to obtain the analytical expressions of the number density, temperature and heat flux in both geometries (parallel plates and coaxial cylinders). The dimensionless analytical expressions are:
Coaxial Cylinders
Dimensionless density number
Dimensionless temperature
Dimensionless heat flux
The coefficient K 1 depends on the accommodation coefficients, temperature and radius ratios T and R, respectively. However, the coefficients K 2 and K 3 depend only on the accommodation coefficients and temperature ratio.
Parallel Plates
The values of the coefficients K 1 , K 2 and K 3 will be given in the Results section for the case studied in this paper. The average number density is used in expressions (9), (11), (12) and (14) to normalize the number density. This averaged value is calculated as
where the index i = 0, 1 corresponds to the plates and cylinders geometries, respectively.
KINETIC EQUATION
For the simulation of heat transfer in the transitional and near free molecular flow regimes the S-model kinetic equation [23] is used. In the steady state case this equation reads
Here f (r , v) is the one particle molecular velocity distribution function, v is the molecular velocity vector, r is the position vector and ν is the molecular collision frequency. The equilibrium distribution function f S in eq. (16) has the form
where f M is the local Maxwellian distribution function, u is the bulk velocity vector, V = v − u is the peculiar velocity vector and q is the heat flux vector.
In the frame of this model the molecular collision frequency is supposed to be independent of the molecular velocities and may be found as follows [23] 
The macroscopic parameters are calculated from the solution of the molecular distribution function f , obtained by solving eq. (16), as
Method of Solution
Considering the axial symmetry of the problem the S-model kinetic equation in the completely conservative form may be written as in Refs. [24] , [25] , [10] .
The Discrete Velocity Method (DVM) is used to divide the continuum molecular velocity space c p in the system of kinetic equations (see [10] ) into discrete velocity set c p k . The system of kinetic equations with discrete velocity set c p k is then discretized in space by Finite Difference Method (FDM). The spacial derivatives are approximated by the first order-of-accuracy upwind-type numerical scheme. The Gauss-Hermite quadrature formulas are chosen in order to evaluate the integrals for calculating the macroscopic parameters (19) .
In the physical space, the reduced distribution functions depend only on one physical variable r, which is the distance from the cylinder's axis to the cylinder's surfaces or the distance between the plates. For coaxial cylinders the distance between the walls is split into N r intervals which vary from N r = 800 for small δ to N r = 12800 for large δ . For parallel plates the distance between the plates is split into N r = 4000 intervals for all δ . In the velocity space, the distribution functions depend on two variables: the magnitude and orientation of the
= 100 for all δ . Moreover, this range of ϕ is divided into two subdomains, according to the sign of the molecular velocity components. With this set of the numerical grid parameters the numerical uncertainty is less than 1%.
DIRECT SIMULATION MONTE CARLO (DSMC)
The traditional DSMC technique proposed by Bird [15] is employed in this paper for the calculations. The DSMC technique enables gas flows to be modeled on a molecular level by simulating the motion of individual particles according to physical properties. This method can be viewed as a Monte Carlo method for solving time dependent nonlinear Boltzmann equation. Within each time step ∆t of the simulation this method combines deterministic aspects for modelling particle motions and statistical aspects for computing collisions between particles. The collision technique that is used is the NoTime Counter scheme suggested by Bird, except a slight modification in the calculation of maximum collision in a cell described in [26] .
The procedure for axially symmetric flows is employed as given in [15] . For each particle only the radial coordinate r and the three velocity components v x , v r , v θ are stored. Then, the molecules are moved according to their velocities and acquire a new radial coordinate r + given by
Following this procedure, the new velocity components, v + x ,v + r and v + θ , are read as follows
The domain is discretized in the radial direction using N r computational cells (from N r = 400 for small δ to N r = 4000 for large δ ) and the particles are initially distributed in such way that the minimum number of particles in each cell of the domain is N p = 50. As no weighting factors are used, the region, where the number of particles per cell is the smallest, corresponds to the area near the inner cylinder for geometrical reasons. The time step ∆t is chosen to be sufficiently smaller than the cell traversal time ∆r/ 2kT 0 /m. The macroscopic properties are obtained by time averaging over N T time steps (from N T = 1000 for small δ to N T = 10000 for large δ ) when the steady state solution is sought for. The heat flux is volume based calculated, as well as the other macroscopic quantities, by averaging the microscopic values of the particles at a given cell q r = v r v 2 . For these grid and time parameters the total computational error (systematic and statistical) is kept less than 1 percent in all computed cases. Here, the available analyses of splitting scheme and domain discretization [27, 28] suggest a systematic approximation error of first order (O(∆t, ∆r)) of the DSMC method with respect to the Boltzmann equation. The statistical error [29] is estimated as O(1/ N T N p ).
RESULTS
The following conditions are considered in this paper for the S-model kinetic equation simulations. The temperature ratio for both coaxial cylinders and parallel plates is T = 1.1 and the radius ratio for the cylinders geometry is R = 0.5. For the ANSYS/Fluent and DSMC techniques dimensional quantities should be used for the simulations. The hotter and colder surfaces of the cylinders and plates are set to the temperatures T w1 = 330K and T w2 = 300K, respectively. The radii of the inner and outer cylinders are R 1 = 5mm and R 2 = 10mm, respectively and the gap between the parallel plates is H = 10mm. Helium is chosen as the working gas with Pr= 2/3 and γ = 5/3. The gas rarefaction varies from the continuum (δ = 500) to the free molecular (δ = 0.001) regimes.
Profiles of Macroscopic Parameters
The profiles of temperature, number density and heat flux are given in the slip and free molecular regimes for coaxial cylinders and parallel plates geometries. 
Slip Regime
In this regime the expression of temperature jump coefficient (Eq. (8)) proposed by Lin and Willis [14] is implemented in ANSYS/Fluent. Simulations are carried out for different values of the rarefaction parameter δ = 100, 50, 10 and 3. Simulations using the S-model kinetic equation and DSMC technique are also conducted by assuming complete accommodation of the molecule at the walls (α 1 = α 2 = 1). Figure 2 shows the dimensionless temperature and heat flux profiles obtained from ANSYS/Fluent, S-model and DSMC simulations for both coaxial cylinders and parallel plates geometries. The profiles of temperature given by the S-model and DSMC simulations agree with each other for all the values of δ considered here. However, the Fluent results show some deviations form the S-model and DSMC results for δ 10, with maximum deviation observed for δ = 3. The temperature jump predicted by the Lin and Willis temperature jump model are larger than that predicted by the S-model and DSMC simulation for this range of δ . This result is expected since the Fluent CFD model is only valid for the slip regime (δ > 10).
The heat flux for the coaxial cylinders geometry follow a logarithmic profile, however it is constant for the parallel plates geometry. There is small difference between the S-model and DSMC results, especially for δ 10, of the order of 2% at δ = 3 that can be caused by the numerical error. The Fluent heat flux profiles coincide perfectly with both S-model and DSMC results for δ > 10, however for smaller values Fluent deviates slightly from the other models for the same reason explained before. These deviations are of the order of 2% for δ = 10 and 4% for δ = 3
These results show that the ANSYS/Fluent code with the Lin and Willis temperature jump boundary conditions is able to reproduce with good accuracy the results obtained by the S-model and DSMC simulations, in the slip and near transitional regimes.
Free Molecular Regime In Fig. 3 the dimensionless profiles of number density, temperature and heat flux in the gaps between coaxial cylinders and parallel plates obtained from the analytical expressions (9)- (14), S-model and DSMC are shown for three different values of thermal accommodation coefficient α = 1, 0.6 and 0.2. For the case studied in this paper (T = 1.1, R = 0.5 and α 1 = α 2 = α) the value of the coefficients K 1 , K 2 and K 3 in expressions (9)- (14) are respectively 0.9889, 0.9535 and 1.0488. The S-model and DSMC simulations are conducted for the value of rarefaction parameter δ = 0.001. Figure 3 shows that the dimensionless macroscopic parameters n, T and q are do not depend on the distance between the plates for the parallel plates geometry. But they have the monotonic behavior for the coaxial cylinders geometry. From this figure it can be observed that there is no dependence of the density and temperature profiles on the value of α for both geometries. However, this dependence is observed for the heat flux profiles; as the value of α decreases the heat flux decreases also. The DSMC simulations show some variations in the profiles of density and temperature, which is due to the statistical error, however these profiles follow the same behavior as the S-model and analytical expressions. For heat flux profiles the maximum deviation of the S-model and DSMC simulations from the analytical expressions is less than 1.4% for the case α = 0.2. For the other cases α = 1 and 0.6 the deviation is much smaller (less than 0.5%).
Effect of The Accommodation Coefficient α
In Fig. 4 a comparison between the different methods used to obtain the dimensionless heat flux through rarefied helium in the gaps between two concentric cylinders and two parallel plates is presented. The heat fluxes are obtained for different values of the thermal accommodation coefficient in the range [0.2, 1], with α 1 = α 2 . The horizontal dotted lines represent the analytical expressions (11) and (14) of the free molecular limit (δ = 0). Figure 4 shows that as the value of the accommodation coefficient α decreases the dimensionless heat flux q also decreases. As stated before the Fluent simulations are in good agreement with the S-model and DSMC simulations for both geometries in the range of δ [10, 1000], corresponding to the slip and continuum regimes, however for δ < 10 the deviation is visible as expected because the Navier-Stokes equations are only valid in the continuum and slip regimes with appropriate boundary conditions. In the transitional regime there is slight disagreement between the S-model and DSMC simulations of the order of ∼ 3% obtained for α = 1. The transitional regime is the most difficult regime for simulation because the gas mean free path is of the same order as the characteristic length of the domain, which means that the probability of collision between gas molecules and between molecules and wall are almost the same. In this case the Boltzmann equation should be solved in all the domain. The use of different approaches to solve heat transfer in this regime can leads to slightly different results. In the free molecular regime the collisions between molecules and wall are more frequent, which makes the resolution of the Boltzmann equation less intensive, and the use of different approaches to solve heat transfer do not affect much the results in this regime, which explains the good agreement obtained between the S-model and DSMC approaches.
CONCLUSION
The steady state heat transfer through rarefied gas confined between two coaxial cylinder and parallel plates is studied on the basis of S-model kinetic equation, DSMC technique and CFD ANSYS/Fluent commercial code. The simulations were conducted for large range of rarefaction parameter, from continuum to free molecular regimes, with one temperature and radius aspect ratios. Both walls were assumed to have same value of thermal accommodation coefficient. In slip regime, the dimensionless profiles of temperature and heat flux were obtained from S-model and DSMC and were compared to ANSYS/Fluent simulations using Lin and Willis temperature jump boundary condition. In free molecular regime, the analytical expressions for number density, temperature and heat flux were derived from the collisionless Boltzmann equation for walls having different values of thermal accommodation coefficient. The solutions of these expressions are compared with the results from S-model and DSMC simulations.
The results showed that the ANSYS/Fluent code was capable to model heat transfer through rarefied gas in simple geometries with a good accuracy when compared to the S-model and DSMC methods in the slip regime. Its implementation to model rarefied heat transfer in complex geometry need to be confirmed. In the transitional regime there was slight difference between the S-model and DSMC methods due to the complexity of modeling this regime. However, in the free molecular regime both models showed a good agreement with each other and also with the analytical expressions.
In future work, the comparison of ANSYS/Fluent, S-model and DSMC simulations with different temperature and aspect ratios will be performed over large range of gas rarefaction. The effect of walls having different values of thermal accommodation coefficient will also be examined. The results in free molecular and slip regime will be compared with analytical expressions. Finally, ANSYS/Fluent model will be employed in the simulation of an 8×8 array of heated rods enclosed in square-cross-sectionpressure-vessel subjected to vacuum. The simulations will be compared with experimental results to understand the heat trans- fer process in real fuel assemblies.
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